The effects of Bordetella bronchiseptica dermonecrotic toxin on the structure and function of a clonal osteoblastic cell line, MC3T3-E1, were investigated. The toxin induced a morphological change in the cells from a spindle shape to a spherical form with many blebs. The toxin-treated cells were viable and grew to form confluent cell layers composed of irregularly shaped cells and multinuclear cells. The toxin inhibited elevation of alkaline phosphatase activity in the cells in a dose-dependent manner at concentrations from 10 pg to 10 ng/ml. The accumulation of type I collagen in the cells was also reduced by the toxin. Since high alkaline phosphatase activity and accumulation of collagen are closely linked to differentiation of the cells into osteoblasts, it is considered likely that B. bronchiseptica dermonecrotic toxin impairs the ability of the cells to differentiate.
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Bordetella species such as Bordetella pertussis, B. parapertussis, and B. bronchiseptica produce dermonecrotic toxins (DNT) with similar biological and immunological properties (2, 4, 26) . DNT injected intradermally induces dermonecrotic (ischemic) lesions in various laboratory animals (2, 4, 15, 16, 26) . DNT also has lethal (16) , vasocontrictive (3), and splenoatrophic (17) activities.
B. bronchiseptica DNT is considered one of the virulence factors responsible for turbinate atrophy in swine atrophic rhinitis. Hanada et al. (12) found that cell extract of B. bronchiseptica with high dermonecrotic activity caused severe nasal turbinate atrophy in pigs similar to that induced in pigs by live B. bronchiseptica. Kimman et al. (18) stated that B. bronchiseptica cell extract had a clear toxic effect on osteoblasts in fetal mouse long bones.
Turbinate atrophy is a characteristic lesion in swine atrophic rhinitis. Histologically, there is a progressive loss of tubular cancellous bone in the turbinates (5, 6, 22, 24) . Severe degenerative changes in osteoblasts in the turbinates were observed by electron microscopy. The changes in osteocytes were less severe than those in osteoblasts. Osteoclasts appeared to be almost normal. These observations suggest that DNT impairs osteogenesis because of the damage to osteoblasts and causes nasal turbinate atrophy in swine. To verify this presumption, studies with purified DNT from B. bronchiseptica and appropriate target cells consisting of osteoblasts are required.
In 1981, Kodama et al. (19) established a clonal osteoblastic cell line, MC3T3-E1, which retained various osteoblastic cell characteristics, including the ability to mineralize the bonelike ground substance and very high activities of alkaline phosphatase (ALP) and of collagen synthesis, both of which are closely linked to osteoblastic differentiation (25) . Thus, these cells have been a useful tool for studies of bone formation and the hormonal regulation of this process (8-11, 13, 14) .
Recently, we established a simple and reproducible method for the purification of DNT (16) . Its homogeneity was confirmed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis. The minimal necrotizing dose (0.4 to 0.6 ng of protein) of purified DNT was comparable to that reported previously (15, 16) . Carbohydrates, nucleic acids, and endotoxin were not detected in the DNT preparation (15) .
Cell culture. Cloned MC3T3-E1 cells, generously provided by S. Kasai (Ohu University, Koriyama, Japan), were isolated from the MC3T3-E cell line, which had been derived from C57BL/6 mouse calvaria (18 Observation of MC3T3-E1 cell morphology. Subconfluent cells were allowed to detach by treating them with 0.25% trypsin (Difco Laboratories, Detroit, Mich.) and 0.05% EDTA in Ca2+-and Mg2+-free phosphate-buffered saline (PBS) and were diluted with medium to a concentration of 2 x 10' cells per ml. A 500-,ul portion of the cell suspension was then added to each well of a 24-well plate. After incubation at 37°C for 4 to 6 h for attachment and stabilization, the test material was added in a volume of 500 ,ul. After incubation for an appropriate period, the cells were examined for toxin effect under a phase-contrast microscope (TMS-13S; Nikon, Tokyo, Japan). A neutralization assay was done by mixing equal volumes of anti-DNT or normal rabbit immunoglobulin G (IgG) and DNT.
Assay for ALP activity. ALP activity of MC3T3-E1 cells was determined by a method reported previously (20) , with a slight modification. A 1.0-ml portion of the cell suspension containing 5 x 10' cells was added to each well of a six-well culture plate, and the cells were incubated at 37°C for stabilization. After incubation for 4 to 6 h, DNT diluted with medium was added in a volume of 1.0 ml, and the cells were incubated under the specified conditions. After incubation, the cells were washed three times with PBS, scraped off the wells, and homogenized in 1 ml of 0.2% Nonidet P-40 (Sigma Chemical Co., St. Louis, Mo.) for 1 min with a glass-Teflon homogenizer. The cell lysate was centrifuged at 5,000 x g for 5 min. The resulting supernatant was assayed for ALP
activity. An appropriate amount of the supernatant (0.05 to 0.2 ml) was mixed with the reaction buffer, which was 0.5 M Tris hydrochloride buffer (pH 9.4) containing 1 mM MgCl2 and 10 mM p-nitrophenyl phosphate. The reaction was started by adding the sample solution. The mixture was incubated at 37°C for 30 min, during which time the reaction proceeded linearly, and the reaction was stopped by adding 2.0 ml of 0.2 N NaOH. The amount of p-nitrophenol released was determined by measuring the A410 with a double-beam spectrophotometer (UV-150-02; Shimadzu Co., Kyoto, Japan). One unit of enzyme activity was defined as the activity releasing 1 nmol of p-nitrophenol per min under the assay conditions.
Detection of type I collagen produced by MC3T3-El cells. It has been reported that 95% of the collagen recovered from MC3T3-E1 cells is type I (13) . Therefore, the amounts of type I collagen in the cells were determined by enzymelinked immunosorbent assay (ELISA). A 0.5-ml portion of the cell suspension at a concentration of 2.0 x 105 cells per ml was added to each well of a 24-well plate. After incubation for 4 to 6 h for stabilization, diluted DNT was added to the culture. The medium containing DNT was changed once every 7 days. After incubation for 10 and 14 days, the cells in three wells were washed three times with PBS and were fixed in cold absolute alcohol for 1 h at 4°C. The cells in the other triplicate wells were treated with 0. (1) . Rabbit anti-DNT serum was obtained as reported previously (16) . Anti-DNT IgG was purified with an Affi-Gel protein A MAPS II kit (Bio-Rad, Richmond, Calif.). Unless otherwise specified, reagents were purchased from Wako Pure Chemical Industries, Osaka, Japan.
RESULTS
Morphological change of MC3T3-E1 cells. DNT induced dose-and time-dependent changes in the morphology of MC3T3-E1 cells. The principal structural change was a transition from the well-stretched, spindle shape to a spherical or block form (Fig. 1B) . The cells lost their extensions and formed many small blebs on their surfaces after exposure to DNT. No cell lysis was observed. The morphological change was slow to develop, requiring at least 24 h after the addition of DNT. DNT at a concentration as low as 1 ng/ml was capable of eliciting the morphological change.
The DNT-treated cells were not stained by trypan blue, indicating that they were still viable, and they continued to proliferate even in the presence of DNT. Their growth rate was reduced by DNT in a dose-dependent manner; in the logarithmic growth phase, doubling times of the cells were 18.1 h (control cells), 26.0 h (cells treated with 10 ng of DNT per ml), and 45.8 h (cells treated with 100 ng of DNT per ml). The growth rate was not affected by less than 10 ng of DNT per ml.
The confluent monolayer of DNT-treated cells formed a rough surface (Fig. 1D) , while that of the normal cells formed a smooth one (Fig. 1C) . The DNT-treated cells were irregular in shape, and multinuclear cells were occasionally observed (Fig. 1D) . DNT (100 ng/ml) became completely ineffective on the cells upon treatment with 12.5 ,ug of rabbit anti-DNT IgG per ml but not with normal rabbit IgG (800 ,ug/ml). When heated for 20 min at 56°C, DNT failed to induce the morphological change. When the cells were cultured for 16 days or more without a change of medium, the DNT-treated cells began to degenerate, releasing cellular debris into the culture medium, whereas the control cells did not.
ALP activity in MC3T3-E1 cells. ALP activity per milligram of protein in the intact MC3T3-E1 cells increased with cell growth up to day 5 and then gradually decreased because of the increase in the protein contents of the cells (Fig. 2) . In contrast, ALP activity in the DNT-treated cells was constant on the basal level (ca. 50 U/mg of protein) through the incubation period. The cells were grown for 5 days in the presence of DNT, and then their ALP activities were measured to confirm the effect of DNT on ALP activity. ALP activity was found to be reduced by DNT in a dosedependent manner from 10 pg to 10 ng of DNT per ml, whereas the protein contents of the DNT-treated cells were greater than those of the control cells (Table 1) . These effects were completely eliminated by treating DNT with anti-DNT IgG.
Collagen contents of MC3T3-E1 cells. MC3T3-E1 cells were cultured for 10 and 14 days in the presence of DNT at various concentrations, and the amounts of type I collagen in the cells were measured by ELISA (Fig. 3) . The collagen accumulation (A492 per milligram of protein) in the cells cultured with DNT was less than 50% of that in the control cells. Although the dose dependency was not apparent with this assay method, the reduction of collagen accumulation was observed even in the presence of 0.1 ng of DNT per ml. The protein contents of the DNT-treated cells were higher than those of the control cells as described above, whereas the A492 per culture well was apparently lower for the DNT-treated cells (data not shown). 
DISCUSSION
MC3T3-E1 cells in logarithmic growth phase appear to be at the stage of osteoprogenitor cells; they show a fibroblastic morphology, and their Golgi apparatus and rough endoplasmic reticulums are not so extensive (25) . In this study, we demonstrated that DNT induced morphological changes in these cells. The cells which underwent morphological change by DNT induction were still viable and grew to form confluent cell layers. When the incubation period was prolonged, the DNT-treated cells began to degenerate whereas the control cells did not. No elevation of ALP activity was seen in the DNT-treated cells after cultures reached a confluent state. Moreover, the accumulation of type I collagen was reduced. The high ALP activity and the collagen synthesis in the cells are closely linked to differentiation into osteoblasts. From these data, we conclude that the DNT of B. bronchiseptica acts on MC3T3-E1 cells at the osteoprogenitor stage and impairs their ability to differentiate into osteoblasts. This is the first report giving direct evidence that DNT acts on the osteogenic cells.
From the results presented here, we speculate that DNT injures the ability of osteoprogenitor cells to differentiate and that consequently the normal osteoblasts do not appear, resulting in the reduction of bone formation. This specula- tion is supported by the observed degeneration of osteoblasts in the nasal turbinate bones of pigs after experimental B. bronchiseptica infection (5, 6, 22, 24) and in fetal mouse long bones affected by crude extract of the organisms (18) . Silveria et al. (24) pointed out that the histological changes in the nasal turbinates of pigs after infection with B. bronchiseptica suggest an alteration of protein synthesis resulting in the accumulation of abnormal products and the inhibition of the enzyme system responsible for transporting the bone matrix components. They also reported an initial decrease, followed by an increase, in ALP activity in the nasal turbinates of the pigs with atrophic rhinitis. As reported here, similar phenomena were observed in the DNT-treated MC3T3-E1 cells. Therefore, it is possible that the mechanisms involved in nasal turbinate atrophy in swine after infection with B. bronchiseptica may be explained by the action of DNT on MC3T3-E1 cells acting as osteogenic cells. It remains unknown whether the differentiated MC3T3-E1 cells are also sensitive to DNT. Since all the cells do not differentiate at the same period, it is difficult to see the effects on differentiated cells alone.
The molecular mode of action of DNT remains to be solved. Many reports stated that the increases in ALP activity and in collagen synthesis were mediated by an elevated intracellular cyclic AMP (cAMP) level. MC3T3-E1 cells responded to prostaglandin E1 (8, 10) , dibutyryl cAMP (14) , and forskolin (9, 11) by an increased intracellular cAMP level leading to their differentiation, as judged by the induction of ALP activity and collagen synthesis. Such bacterial toxins as cholera toxin (7, 23) and pertussis toxin (26) are known to affect the adenylate cyclase-cAMP systems in the target cells. Like these toxins, DNT may alter the regulation of the adenylate cyclase-cAMP system, although at present we have no evidence of this. It is also of interest that there was more protein in DNT-treated cells than in untreated cells. This effect was seen at a lower concentration of DNT than that necessary to reduce the cell growth. This suggests that DNT induces a protein(s) other than ALP and type I collagen in the cells. Alternatively, DNT 
